IL-2R pathway is a key regulator in the development of immune cells and has emerged as a promising drug target in cancer treatment, but there is a scarcity of related inhibitors. TPD7 is a novel biphenyl urea taspine derivate, which has been shown anti- 
| INTRODUC TI ON
Cutaneous T cell lymphoma (CTCL) is a kind of extranodal non-Hodgkin T cell lymphoma characterized by the presence of malignant T cells in the skin. Among various forms of CTCLs, mycosis fungoides (MF) and the leukaemic variant Sézary syndrome (SS) are the most prevalent forms of CTCL. 1, 2 Although some induction chemotherapies have been approved for the treatment of CTCL, the responses of many patients are typically short-lived. 3 Therefore, developing effective chemotherapies for CTCL is extremely urgent.
Interleukin-2 (IL-2), a 15.5 kD type 1 four α-helical bundle cytokine, was first discovered in 1976s as a T cell growth factor present in supernatants of activated human T cells. 4, 5 It is well-documented that IL-2 exerts its biological activities through binding to three classes of cell surface IL-2 receptors (IL-2R), IL-2Rα (CD25), IL-2Rβ
(CD122) and IL-2Rγ (CD132). 6, 7 Interestingly, IL-2Rα subunit has no effect on signal transduction but primarily increases the affinity of ligand binding, while the β and γ subunits not only participate in ligand binding, but also exert crucial functions during the IL-2/IL-2R signal transduction through associated with the Janus kinases (JAK). 8 IL-2 binds with low affinity to IL-2Rα, while the βγ dimer binding IL-2
shows intermediate affinity and the highest affinity binding form is the αβγ trimeric complex. 9 Following receptor binding, IL-2 activates three principal signalling pathways: phosphatidylinositol 3-kinase (PI3K)-AKT, Ras-mitogenactivated protein kinase (MAPK), and Janus kinase (JAK)-signal transducer and activator of transcription (STAT) pathways, which mediate cell growth, survival, activation-induced cell death (AICD) and differentiation. 10 The IL-2 signal transduction mainly occurs via activation of JAK1 and JAK3 (associated with IL-2Rβ and IL-2Rγ, respectively).
The key tyrosine residues present in the cytoplasmic domain of the IL-2R are activated following phosphorylation of JAKs, which subsequently serve as a docking site and recruit the adaptor protein SHC and STAT molecules (including STAT1, STAT3 and STAT5). 11 After tyrosine-phosphorylated by JAKs, STATs are released from IL-2R and then moved to the nucleus through dimerization to modulate the expression of downstream target genes. 12 Besides, SHC serves just like a platform to activate Raf1 and thereafter activates MAPK and eventually phosphorylates ERK, which participates in cell mitosis. 13, 14 Additionally, IL-2Rβ triggering activates the molecular AKT/PKB with the upstream PI3K and then induces mTOR activation whose major role is closely associated with cell growth, differentiation and apoptosis. 13, 14 Figure 1A ), a novel biphenyl urea taspine derivative, was designed and synthesized in our laboratory. 20 Studies have shown that through targeting VEGFR2, TPD7 could inhibit cancer cell growth effectively. 20 In this study, we sought to investigate whether TPD7 could modulate IL-2R signalling and thus inhibit cutaneous T cell lymphoma growth. 
| MATERIAL S AND ME THODS

| Chemicals and reagents
| Cell culture
H9 and JURKAT cells were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated foetal bovine serum (FBS), 100 U/ mL penicillin and 100 U/mL streptomycin at 37°C, 5% CO 2 and 95%
humidity. HUT78 and K562 cells were cultured in IMDM medium supplemented with 10% heat-inactivated FBS, 100 U/mL penicillin and 100 U/mL streptomycin at 37°C, 5% CO 2 and 95% humidity. 
| Cell viability assay
| Quantitative real-time PCR assay
Total RNA was isolated using the RNAfast 200 kit following the manufacturer's protocol and was converted into cDNA using the PrimeScript 
| Cell surface flow cytometry staining
Cell surface flow cytometry staining was performed according to the manufacturer's protocol. All stained cells were analysed by NovoCyte 2040R Flow Cytometer (ACEA).
| Microarray analysis
H9 cells were plated into 6-well plates one day prior to treatment with TPD7 (0 or 3.12 μmol/L) for 48 hours. Total RNA was isolated using
Trizol. Microarray analysis and data processing were done by Gminix.
| Molecular docking study
Protein-ligand docking is widely used to predict the structure and the binding mode of certain ligand with protein. Herein, a docking study was performed using SYBYL-X 1.1 to understand the molecular binding mode of TPD7 with IL-2R domain (PDB ID: 2ERJ). The Sybyl/Sketch module was used to construct the substrate, and Powell's method was used to optimize the substrate. Tripos force field and Gasteiger-Hückel charges were used to minimize energy with the convergence criterion set at 0.005 kcal/(Å mol) and the maximum set at 1000 iterations. A non-bonded cut-off distance was set at 8 Å to explore the intramolecular interaction.
| Flow cytometric analysis of cell cycle distribution
To analyse the distribution of cell cycle stage, growing H9 or 
| Flow cytometric analysis of apoptosis
After exposed to different concentrations of TPD7 (0, 1.56, 3.12 and 6.25 μmol/L) for 48 hours, H9 cells were harvested and washed twice with PBS. Cell apoptosis analysis was conducted by Annexin V-FITC Apoptosis Kit following to the manufacturer's instructions.
All stained cells were analysed by BD FACSCalibur Flow cytometer.
Cells with Annexin V-FITC and PI double positive signals were combined for apoptosis induction analysis.
| Determination of mitochondrial transmembrane potential (Δψm)
H9 cells were seeded in 6-well plate at a proper density. After 24 hours incubation, cells were treated with TPD7 at concentrations of 0, 1.56, 3.12 or 6.25 μmol/L for 48 hours and then were washed with RPMI 1640 medium, followed by 30 minutes incubation with 1 mmol/L Rhodamine 123 at 37°C away from light.
Cells were washed with RPMI 1640 medium again, and the fluorescent intensity was measured using a BD FACSCalibur Flow cytometer.
| Western blot analysis
H9 or HUT78 cells in 6-well plates were treated with TPD7 at indicated concentration and then incubated for 48 hours. Total cellular proteins were extracted using a RIPA buffer containing protease inhibitor cocktail. After quantification using a BCA kit, equivalent amounts of proteins were loaded to a 12% SDS-polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride membranes. Membranes were thereafter blocked with 5% nonfat milk in Tris-buffered saline containing 0.05% Tween 20 (TBST) buffer at room temperature for 2 hours and then incubated with individual primary monoclonal antibodies in TBST buffer at 4°C, followed by incubation with corresponding secondary antibodies in TBST buffer at 37°C for 1 hours. The immunoreactive proteins on the membranes were detected using an enhanced chemiluminescence (ECL) kit. Band intensity was quantified by densitometric analyses using the Image-Pro Plus software, which was provided by Media Cybernetics Inc. respectively. We next addressed the mechanistic basis of TPD7-induced potent inhibitory effect on H9 cells, which were the most sensitive to TPD7. Notably, it has been documented that T cell growth factor (TCGF, also known as IL-2) was specifically produced in cutaneous T cell lymphoma H9 cells. 21 We speculated that the inhibitory effect of TPD7 on H9 cells may be partially due to IL-2R
| Statistical analysis
pathway. Surprisingly, we found that H9 cells had higher expression of IL-2Rs than the other three cell lines at mRNA level ( Figure 1F ).
And, flow cytometry results also demonstrated that FITC-/PE-/APClabled H9 cells had stronger fluorescence intensity than other three labelled cells ( Figure 1G) , indicating that the level of IL-2Rs at the H9 cell surface was higher than that of other three cell lines.
| The interaction of TPD7 and IL-2R
To further verify the speculation, the affinity of TPD7 bound to the active site of IL-2R was evaluated using molecular docking studies.
The binding mode of TPD7 with IL-2R was shown in Figure 2A . 
| TPD7 induced IL-2R-related differentially expressed genes
Given these findings, we are highly intrigued by the question of whether the interaction of TPD7 and IL-2R could contribute to the differential gene expression in TPD7-induced inhibition of cell proliferation. We investigated the differential gene expression of H9 cells exposed to TPD7. Unsupervised hierarchical clustering showed that wild-type H9 cells and TPD7-treated H9 cells had distinct patterns of gene expression ( Figure 3A) . The expression profiles of the two groups of cells differed with respect to two major groups of GSEA-GO terms ( Figure 3B ).
Firstly, TPD7 treatment showed significantly different expression of genes involved in cell apoptotic process. Secondly, TPD7 treatment regulated genes involved in cell division and the cell cycle machinery when compared with H9 cells. Importantly, consistent with the protein level differences, both of IL-2Rβ and IL-2Rγ genes were significantly down-regulated in TPD7-treated H9 cells ( Figure 3C, 3) . And, the major molecules of JAK/STAT, PI3K/AKT and MAPK pathway, the validated IL-2R substrates, were significantly decreased by TPD7 ( Figure 3C, 3) .
Hence, we conclude that TPD7 treatment leads to down-regulation of IL-2R signalling, supporting its key role against CTCL H9 cells.
| TPD7 induces G2/M phase arrest in H9 and HUT78 cells
To gain insight into the mechanisms responsible for TPD7-mediated H9 cell growth inhibition, we also assessed the effect of TPD7 on
F I G U R E 2
The interaction between TPD7 and IL-2R. A, docked molecule (TPD7) in the crystal structure of IL-2R (PDB ID: 2ERJ). Hydrogen bonds were depicted in dashed yellow lines; B, levels of IL-2Rα, IL-2Rβ and IL-2Rγ in H9 cells treated with TPD7 (1.56, 3.12, or 6.25 μmol/L) for 48 h were examined by Western blot assay; C, levels of IL-2Rα, IL-2Rβ and IL-2Rγ in HUT78 cells treated with TPD7 (2.5, 5, or 10 μmol/L) for 48 h were examined by Western blot assay. Data are presented as the mean ± standard deviation obtained from three independent experiments. *P < .05, **P < .01 and ***P < .001 vs. the control group cell cycle arrest. As shown in Figure 4A To examine whether the change of cell cycle regulatory proteins confers cell cycle arrest in H9 cells, Western blot analysis was performed to examine the levels of CDK/Cyclins proteins. Figure 4C showed that the amount of CDC2, cyclinB1, cyclinD1 and cyclinE was gradually decreased after treatment of TPD7 at different concentrations, whereas the protein level of CDK2 and cyclinA2 remained unchanged in TPD7-treated H9 cells.
| TPD7 induces cell apoptosis
To examine whether apoptosis was initiated in H9 cells exposed to various concentrations of TPD7 for 48 hours, H9 cells were stained As shown in Figure 5A , after treatment with TPD7, the percentage of apoptotic cells increased to 7.66%, 12.37% and 25.34% respectively compared to control group (3.54%).
Based on the observation of TPD7-induced cell apoptosis, the effect of TPD7 on mitochondrial transmembrane potential was examined to explore whether the mitochondrial pathway was responsible for TPD7-induced apoptosis. The percentage of H9 cells exposed to TPD7 revealed a notable decrease in Rhodamine 123 fluorescence intensity from 88.97% in control to 86.02%, 76.31% and 63.06%, respectively ( Figure 5B ).
Since it has been observed that TPD7 could induce H9 cells apoptosis, we next investigated the level of apoptosis-related proteins in Bcl-2 family. The results showed that the amount of Bad, Bax and Bak was up-regulated notably following treatment with TPD7, whereas Mcl-1 and Bcl-2 levels were decreased in a dose-dependent manner ( Figure 5C ).
| TPD7 regulates the downstream of IL-2R signalling
The 
| D ISCUSS I ON
In the present study, we demonstrated a novel taspine derivative, The results showed that H9 cells, whose expressions of IL-2Rs were the highest level among these four cell lines, were most sensitive to TPD7 (Figure 1) . Further characterization about the interaction between TPD7 and IL-2R demonstrated that TPD7 interacted well
F I G U R E 4
Effects of TPD7 treatment on cell cycle distribution. A, representative flow cytometric DNA content histogram of untreated control and H9 cells exposed to 1.56, 3.12 and 6.25 μmol/L TPD7, respectively; B, representative flow cytometric DNA content histogram of untreated control and HUT78 cells exposed to 2.5, 5 and 10 μmol/L TPD7, respectively; C, effects of TPD7 on cell cycle-related protein level. Data are presented as the mean ± standard deviation obtained from three independent experiments. *P < .05, **P < .01 and ***P < .001 vs. the control group with IL-2R and meanwhile mRNA and protein level of IL-2Rβ and IL-2Rγ were significantly down-regulated by TPD7 (Figures 2, 3) . The obtained data were in consistent with our hypothesis that the potent inhibitory effect of TPD7 on H9 cell growth was due to the regulation of IL-2R.
IL-2, a pleiotropic cytokine, plays a critical role in the growth, proliferation and differentiation of T cells, which has also been verified to support the tumour cell growth of adult T cell leukaemia in vitro. 22 Once binding to the receptors, IL-2 activates multiple signalling pathways and thus plays its role effectively. ) ; B, effects of TPD7 on the mitochondrial membrane potential (Δψm). Δψm were assessed using flow cytometry following treatment of the H9 cells with TPD7 1.56, 3.12 or 6.25 μmol/L TPD7 for 48 h; C, effects of TPD7 on cell apoptosis-related protein level. Data are presented as the mean ± standard deviation obtained from three independent experiments. *P < .05, **P < .01 and ***P < .001 vs. the control group F I G U R E 6 Effects of TPD7 on JAK/ STAT signalling protein level. A, levels of JAK1, p-JAK1, JAK3 and p-JAK3 in H9 cells treated with TPD7 were examined by Western blot assay; B, levels of STAT1, p-STAT1, STAT3, p-STAT3, STAT5A, p-STAT5A, STAT5B and p-STAT5B in H9 cells treated with TPD7 were examined by Western blot assay. Data are presented as the mean ± standard deviation obtained from three independent experiments. *P < .05, **P < .01 and ***P < .001 vs. the control group
F I G U R E 7
Effects of TPD7 on Raf/ MAPK signalling protein level. A, levels of PLCγ and p-PLCγ in H9 cells treated with TPD7 were examined by Western blot assay; B, levels of Raf, MEK1/2, p-MEK1/2, Erk1/2 and p-Erk1/2 in H9 cells treated with TPD7 were examined by Western blot assay; C, levels of p38, p-p38 and p53 in H9 cells treated with TPD7 were examined by Western blot assay. Data are presented as the mean ± standard deviation obtained from three independent experiments. *P < .05, **P < .01 and ***P < .001 vs. the control group irradiation and chemotherapy. 26 In our study, the phosphorylation level of JAK1, JAK3, STAT1, STAT3, STAT5A and STAT5B is all decreased dramatically, which indicated TPD7 inhibited JAK/STAT signalling pathway via suppressing the expression of IL-2R ( Figure 6 ).
Furthermore, the PI3K/AKT/mTOR signalling pathway can also be activated by IL-2R, which is relevant to tumour growth, cell survival, cell proliferation, cell cycle progression and apoptosis. 27 In addition, it has been revealed that the essential tumour suppressor gene PTEN encodes a phosphatase protein against the PI3K/AKT anti-apoptotic pathway. 28 Our results showed that PTEN was up-regulated and the amount of several major subunits of PI3K including 110β, 110γ
and p85 were significantly reduced following TPD7 treatment in H9 cells, as well as the phosphorylation level of downstream signal molecules (AKT and mTOR) (Figure 8 ). Many studies have identified that the Raf/MAPK pathway involved in tumour development and progression. 29 Importantly, activation of IL-2Rβ is also capable of activating PLCγ/Raf/MAPK signalling pathway, which plays a pivotal role in regulating cell proliferation and survival. 30 ,31 ERK(ERK1/2) and p38 MAPK, two of the major classical MAPK pathway, have been proposed as targets in cancer therapy as a result of abnormal activation. 32 Results showed that TPD7 significantly decreased the level of p-PLCγ, Raf, p-MEK1/2 and p-ERK1/2, while increased the level of p-p38 and p53 ( Figure 7 ). These data confirmed that TPD7 regulated IL-2R signalling and related downstream signal transductions in order to inhibit the H9 cell growth.
Since the downstream cascade of PI3K/AKT pathway and MAPK pathway are involved in cell cycle progression and cell apoptosis, the effect of TPD7 on cell viability could be mediated by changes in proliferation, apoptosis or both. Our expression profiles indicated that cell apoptotic process and cell cycle machinery were involved in the gene differences in TPD7-treated H9 cells (Figure 3 ). The cell cycle is an intricate controlled process implicated in cell growth and division and is susceptible to modulation in cancer cells owing to the rapid proliferation rate. We next focused on the effect of TPD7 treatment on cell cycle progression and the results showed that TPD7 mainly blocked the cell cycle progression at G2/M phase and partially at F I G U R E 8 Effects of TPD7 on PI3K/ AKT signalling protein level. A, levels of PTEN, PI3K-p110α, PI3K-p110β, PI3K-p110γ and PI3K-p85 in H9 cells treated with TPD7 were examined by Western blot assay; B, levels of AKT, p-AKT, mTOR and p-mTOR in H9 cells treated with TPD7 were examined by Western blot assay; C, potential demonstration of TPD7 inhibited the activation of IL-2R signalling pathway of H9 cells. Data are presented as the mean ± standard deviation obtained from three independent experiments. *P < .05, **P < .01 and ***P < .001 vs. the control group G1 phase (Figure 4) . Previously, cyclin-dependent kinase (CDK) and cyclins function as dynamic regulators of cell cycle progression.
33
CyclinB1 was associated with the G2/M checkpoint control and could form a complex by binding with CDC2, which takes an important part in G2/M phase transition. 34 And, it was well recognized that CDC2, cyclinD1 and cyclinE are critical molecules in the regulation of cells from G1 phase into S phase. 35 Consistent with these, we observed a decrease in CDC2, cyclinB1, cyclinD1 and cyclinE level in H9 cells treated with TPD7 ( Figure 4 ).
It is well-known that apoptosis, as one of the most important signal of cell death, is typically displayed unbalanced regulation in human cancers and evasion of apoptosis is an universal hallmark of cancer. 36 Besides, the intrinsic mitochondrial pathway is one of the major pathways to induce programmed cell death. Flow cytometry results revealed that TPD7 treatment induced a pronounced apoptosis and the loss of Δψm in H9 cells ( Figure 5 ). We therefore sought to determine the underlying molecular mechanisms of TPD7-induced apoptosis in the mitochondrial pathway. Bcl-2 family proteins play a pivotal role in regulating cell apoptosis due to their ability to form membrane channels in mitochondria, which can be divided into two subfamilies: pro-apoptotic members (Bcl-2, Mcl-1, etc) and anti-apoptotic members (Bax, Bak, Bad, etc). 37 Localized to the outer membrane of mitochondria, Bcl-2 has a significant impact on mitochondrial integrity. Our results verified that TPD7 significantly de- 
CO N FLI C T S O F I NTE R E S T
The authors declare that there are no conflicts of interest to disclose.
AUTH O R CO NTR I B UTI O N S
Weina Ma designed the study, interpreted the data and edited the manuscript; Man Zhu wrote the manuscript, designed the study, The authors declare that all the data supporting the findings of this study are available within the article.
R E FE R E N C E S
